Doxorubicin is one of the most commonly used chemotherapeutic agents for adjuvant chemotherapy of breast cancer. In the studies focused on finding biomarkers to predict the response of the patients and tumors to the drugs used, the Twist transcription factor has been suggested as a candidate biomarker for predicting chemo-resistance of breast tumors. In this study, we aimed to investigate the relationship between TWIST transcription factor expression and the effectiveness of doxorubicin treatment on directly taken primary tumor samples from chemotherapy-naive breast cancer patients. Twenty-six primary breast tumor samples taken from 26 different breast cancer patients were included in this study. Adenosine triphosphate tumor chemo-sensitivity assay (ATP-TCA) has been used to determine tumor response to doxorubicin and real-time reverse-transcription polymerase chain reaction (RT-PCR) was used for analyzing the TWIST1 gene expression of tumors. There was a significant difference in TWIST gene expression between responder and non responder tumors (p <0.05). The TWIST gene expression of the drug-resistant group was higher than the responsive group. This difference was not dependent on the histopathological features of tumors. In conclusion, compatible with earlier studies that have been performed with cell lines, the current study supports the role of higher TWIST gene expression as a biomarker for predicting the response of breast tumors to chemo-therapeutic agent doxorubicin.
INTRODUCTION
Breast cancer is the most common cancer in women and is also responsible for a great number of cancer-associated deaths among women worldwide [1, 2] . Several chemo-therapeutic agents, either alone or in addition to other therapies, are used in the treatment of breast cancer patients. Anthracyclines and taxanes are the most commonly used chemo-therapeutics for breast cancer treatment [3] . Benefit and risk assessment for therapeutic agents for each patient is important because chemotherapy is a conventional method targeting all fast-dividing cells of the organism [4] . Toxicity and primary or secondary resistance are common problems of conventional chemotherapy. Thus, studies focusing on finding biomarkers to predict the response of the patients and tumors to the drugs used are an important part of precision medicine [5] .
The twist transcription factor, encoded by the TWIST1 gene (TWIST1; OMIM* 601622) is a member of the basic helix loop helix transcription factor family and has an important role in cell lineage determination and differentiation as an essential regulator during embryogenesis, particularly in mesoderm formation, specification, and differentiation. Pathogenic variations of the TWIST1 gene leads to Saethre-Chotzen syndrome (#101400), Craniosynostosis 1 (#123100), Robinow-Sorauf syndrome (#180750) and Sweeney-Cox syndrome (#617746) in humans [6] . Some studies have extensively demonstrated that the twist transcription is implicated initiation [7] , stemness [8] , angiogenesis [9] and chemo-resistance in some types of carcinomas, sarcomas and hematological malignancies [10, 11] . Induced twist overexpression has been shown to be related to chemo-resistance of breast tumor cells in a study performed on breast tumor cell lines [10] . Twist overexpression has been shown to be related to clinicopathological features of tumors and reported to be a candidate biomarker of shorter overall survival [12] .
In this study, we aimed to investigate the relationship between intrinsic TWIST transcription factor expression and the effectiveness of doxorubicin treatment on primary tumor samples directly taken from different chemotherapynaive breast cancer patients. As far as we know, there are no studies investigating the association of the TWIST gene expression differences in primary breast tumor samples taken from patients and their primary sensitivity to doxorubicin.
MATERIALS AND METHODS
Sample Collection. Twenty-six primary breast tumor samples taken from 26 different untreated breast cancer patients (26 women, mean age: 53.4) following permission of the institutional ethics board, were included in this study. Samples were taken from the breast tumors during initial breast surgery. Tumor cell content of collected samples was confirmed by imprint cytology. Samples were cut into two pieces of about 0.5 cm 3 . One piece of each tumor sample was put into an RNA stabilization reagent (RNAlater; Qiagen GmbH, Hilden, Germany) for protection of the RNA content until RNA isolation, and the other half was put directly into the 0.2% antimycotic/antibacterial added 7 mL transport medium [Dulbecco's modified eagle medium (DMEM)], for transportation to the laboratory for adenosine triphosphate tumor chemo-sensitivity assay (ATP-TCA).
Adenosine Triphosphate Tumor Chemo-Sensitivity Assay. A modified cell viability method of Andreotti et al. [13] was used to determine the responses of tumor cells to doxorubicin. Breast cancer tissue samples were mechanistically fragmented and treated for 12 hours with 10 mL sterile tumor dissociation enzyme reagent (TDR) in the incubator (37 °C, 5.0% CO 2 ) before resuspension (1.5 × 105 cells/mL) in DMEM (Gibco Thermo Fisher Scientific, Waltham, MA, USA). Therapeutic drug preparations from commercial sources were stored and used before expiration dates according to the manufacturer's instructions. Doxorubicin was prepared in six dilutions corresponding to 200.0, 100.0, 50.0, 25.0, 12.5 and 6.25%, respectively, of each standard test drug concentration (TDC). One hundred percent TDC value used for doxorubicin was 0.5 g/ mL [13] [14] [15] . Cultures of approximately 15,000-20,000 cells/ well were tested in 96-well microplates (Costar; Merck KGaA, Darmstadt, Germany) containing both 12 maximum inhibition control wells (i.e., negative controls containing no cells) and 12 no inhibition control wells. Cultures were incubated for 8 days at 37 °C in a >98.0% humidified, 95.0% air and 5.0% CO 2 atmosphere; then cellular adenosine triphosphate (ATP) was extracted and stabilized by mixing cell lysing reagent (Merck KGaA) into each well. The ATP was measured in a BMG LUMIstar (BMG Labtech GmbH, Ortenberg, Germany) using the 1:1 mix containing cell lysate and Luciferin-Luciferase counting reagent (Merck KGaA). A 5 second-count integration with a 1 second delay was used. Each measurement was performed three times. After incubation for 6 days with the drug, percentages of breast tumor cell growth inhibition (BTGI) compared with control cultures was determined. The area under the curve (AUC) values were calculated using the trapezoidal rule [16] .
RNA Isolation and Real-Time RT-PCR. Fresh tissue samples kept in RNAlater solution was lysed and homogenized using Tissue Lyser LT followed by manual RNA isolation performed with RNeasy Mini Kit (Qiagen GmbH) according to the manufacturer's instructions. The RNA concentration was measured using the NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific) using the Transcriptor First Strand cDNA Synthesis Kit (Roche Diagnostics, Mannheim, Germany), 150 ng of total RNA was reverse transcribed with the combination of anchoredoligo(dT) and random hexamer primers included in the kit. TWIST gene expression of tumor samples was determined by real-time reverse-transcription polymerase chain reaction (RT-PCR) using β-actin gene expression as the reference ( Real-Time Ready Gene Expression Assay; Roche Diagnostics). All reactions were duplicated on a LightCycler® 480 (Roche Diagnostics). Gene expression differences of tumor samples were determined using the ∆∆CT (2 -∆∆CT ) method [17] . The Statistical Package for the Social Sciences (SPSS®) version 11 (https://www. ibm.com) was used to determine the relationship between TWIST gene expression status and other tumor parameters and in vitro chemo-response of tumors to doxorubicin. The Mann-Whitney U test in the SPSS program has been used to determine if gene expression differences are related to chemo-response of tumors.
RESULTS
ATP-TCA Results. Nine out of 26 tumors were found to be resistant to doxorubicin. Histological grade, HER2, estrogen and progesterone receptor positivity and lymph node metastasis status of responsive and non responsive tumors did not differ significantly. Findings and clinical characteristics of the responsive and non responsive tumor samples are summarized in Table 1 .
TWIST1 Gene Expression Results. When tumors were grouped according to their response to the chemotherapeutic agent doxorubicin, there was a significant difference for TWIST gene expression between responders and non responders (p = 0.041) (Figure1). TWIST gene expression of the drug-resistant group was higher than the responsive group. This difference was not dependent on the histopathological features of tumors because the TWIST gene expression difference was not significantly differed according to histological grade, hormone receptor or lymph node positivity and HER2 (erb-b2 receptor tyrosine kinase 2) status. The results are summarized in Table 1 . 
DISCUSSION
Chemotherapy resistance is one of the major obstacles to successful treatment of breast cancer [18] . Determination of clinical/pathological complete response to adjuvant chemotherapy takes time [19] . On the other hand, the use of in vitro methods such as ATP-TCA for the rapid determination of the response of cells to various agents, give the opportunity to find and/or validate biomarkers for predicting the response of tumors to chemo-therapeutics and this is an important part of precision medicine [20] [21] [22] . Culturing patient-derived tumor samples with chemo-therapeutic agents planned to be used for a patient and predicting the response rate via measuring ATP levels at the end of the culture period takes about a week. In this study, we showed that doxorubicin-resistant primary breast tumor samples have a higher twist expression. This finding supports the role of the twist transcription factor as a predictive biomarker of doxorubicin chemotherapy. As far as we know, there are no studies investigating the direct association of TWIST gene expression differences in primary breast tumors and their individual sensitivity to doxorubicin simultaneously.
The first evidence that TWIST overexpression was blocking the apoptosis had been reported in a study by Maestro et al. [23] , which they performed on rhabdomyosarcomas. Subsequent studies indicating an association between TWIST gene expression and chemo-resistance are based on the cell lines. The blocking effect of TWIST upregulation on cytotoxicity has been further supported in a study performed on HtTA, HtTA-RelA, CCR3, PC3 cell lines. According to the evidences of this study, TWIST overexpression was controlling both necrotic and apoptotic pathways induced by cytotoxic agents. [24] .
In cell line studies to investigate the drug resistance, increased concentrations of drugs are used to make cells resistant to the agents tested. This approach is due to the fact that chemo-therapeutic agents also promote resistant cell phenotypes. The first study indicating twist transcription factor as a biomarker performed with taxol resistant MCF-7 cell line, TWIST gene expression has been found to play important roles in drug resistance [25] . In a study conducted by Li et al. [26] , based on the hypothesis that TWIST transcription factor can be effective in doxorubicin resistance, MCF7 cell lines were first rendered drug-resistant. Adriamycin-induced resistance was shown to be related to the more invasive potential and drug-resistant phenotype of the cells. This resistant phenotype was mediated by the epithelial-mesenchymal transformation process in which the twist transcription factor plays a major role [26] . Saxena et al. [27] reported that resistance to chemotherapy and twist transcription factor expression increased in invasive breast tumor cell lines exposed to doxorubicin. In accordance with this study, Li et al. [26] showed that TWIST1-mediated epithelial-mesenchymal transition was responsible for multiple drug resistance and twist depletion has enhanced the efficacy of doxorubicin by partial suppression of drug-induced P-glycoprotein expression in breast cancer cells. In our study, we found that twist transcription factor expression differed before tumor cells were exposed to any chemo-therapeutic agent, and there was a significant relationship between breast tumor response to doxorubicin and increased expression of the twist transcription factor. Therefore, in accordance with the other studies, the results of our study indicate that the expression of induced or naturally increased TWIST1 gene expression in breast tumors is associated with resistance to chemotherapy.
Having compatible results with earlier cell line studies on the role of twist overexpression as a biomarker for doxorubicin chemo-resistance, this study also supports effectivity of ATP-TCA assay method as a valuable tool for biomarker prediction and validation studies. However, drug-metabolizing reactions in the liver, tumor vascularization [28] , hypoxia levels [29] are some of the factors that may affect the clinical drug response and may not be precisely reflected during the in vitro chemo-sensitivity assays. Together with these, the small sample number is the restrictive property of this study. In conclusion, the current study that has been performed with individual primary breast tumor samples supports earlier studies that have been performed with cell lines, suggesting the role of TWIST gene expression as a candidate biomarker for predicting the response of breast tumors to the chemotherapeutic agent doxorubicin.
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